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Introduction

Goals and Applications

The goal of this project is to develop a 3- to 5-um continuously tunable single-frequency
laser source. Such a device has many uses valuable to DoD:

Compact wavelength-agile sources in chem-bio sensors aboard unmanned vehicles
or in a ground-based trace-gas monitoring system. ‘

Narrow-linewidth wavelength-agile sources to seed high-power pulsed 3-5 pm OPO
LIDAR for remote chem-bio and aerosol detection.

The illuminator in a 3-5 um imagiﬁg system that monitors trace gases in the volume
of a scene to establish the levels of danger present.

The 3-5 pm source in portable breath analyzers that helps deterrmne a wounded
soldier’s condition. .

The agile single-frequency source for secure battlefield free-space communications.

Commercial applications include trace-gas monitoring [1], free-space communications, and

medical diagnostics through human breath analysis [2-4].

Approach

Our approach uses an external cavity (EC) and various tuning elements in con]uncnon with
a semiconducting optical amplifier (SOA) that provides two-pass optical gain. F1gure 1
shows the schematic diagram of the tunable external cavity laser (ECL).

Reflector Plus
Piszo Elemant

Coarse Tuning
Etalon

CDCoIE::::ing

Semiconducting

Low-Reflect
Optical Amplifier

Facet

Collimating /
Lens

Figure 1. The essential elements of the tunable external cavity laser.




The SOAs are antimonide-based W-quantum-well (W-QW) lasers [5] with the facet internal
to the cavity having a very low reflectivity (< 10™). This low reflectivity is achieved, in part,
by having a curved ridge waveguide that meets the facet at an angle of about 6° off the
normal [6-8]. The low facet reflectivity inhibits laser oscillations within the SOA. Because
the curved ridge waveguide meets the low-reflect facet at an angle of 6°, optical refraction
dictates that the beam inside the EC meets the low-reflect facet of the SOA at an angle of
about 20°. The SOA provides two-pass optical gain.

The SOA output facet is normal to the waveguide and forms one end of the external cavity.
The output facet has a reflectivity of 30 to 50%. A reflecting mirror that is micro-positioned
longitudinally by a piezo-electric element forms the other end of the cavity. A coarse tuning
etalon selects a single longitudinal cavity mode that lies within the SOA gain curve. Along
with collimating lenses, these components form a tunable external-cavity laser. To tune over
the entire range from 3 to 5 pm, several ECLs may be used. '

Coordinated adjustments of the coarse-tuning element and the piezo-electric element that
drives the retro-reflector accomplish mode selection in the ECL. Figure 2 illustrates the
process. Three sets of curves are shown: the comb of modes associated with the external
cavity defined by the retro-reflector and the output-facet of the SOA (red); the modes of the
coarse-tuning etalon, which is a relatively high-finesse etalon (blue); and the gain profile of
the SOA (black), all as a function of wavelength. Note that the mode spacing of the etalon
need not be, and probably will not be, an integer multiple of the EC mode spacing.

1.5
. — |aser gain profile .
. . @xternal cavity pass band without etalon
o — Fabry-Perot etalon pass band
@ 1.0
5 N i
> AN
[
=
B \
&
g
2 o054
i
g H V‘: H ¥
0.0 1 ]

2.90 295 3.00 3.05 ) 3.10
: wavelength (um)

Figure 2. The schematic mode spectra of the external cavity (red) and the coarse-tuning etalon (blue),
along with the gain spectrum of the semiconductor optical amplifier (black).

A particular ECL mode is selected by tuning the peak of the coarse-tuning etalon pass-band
to correspond with the peak of an external-cavity mode that lies sufficiently near the
maximum of the gain profile to generate lasing. The coarse-tuning element 1s 2 Fabry-Perot
etalon with a free spectral range about equal to the optical gain halfwidth. By synchronizing
the tuning of the retro-reflector/piezo and the coarse-tuning etalon, the ECL output




wavelength can be continuously swept through the ‘useable portion of the SOA gain
spectrum, which should be 300 to 400 nm, depending on the external-cavity optical losses
and the SOA center wavelength. The temperature of the SOA can be changed to shift the
SOA gain peak, and hence, extend the ECL wavelength range. ’ :

Using SOAs with gain spectra distributed throughout the 3 — 5 um optical interval, and
designing the elements of the EC to operate within the gain spectrum of the SOA, single-

frequency laser sources can be realized.

As a member of the team, Dr. Jerry Meyer and his group at The Naval Research Laboratory
(NRL) designed the SOAs in consultation with Samoff. Sarnoff grew and fabricated the
SOAs, and the NRL characterized them. SOA wafers were also supplied by MIT Lincoln
Laboratories. The curved ridge waveguide was designed at Sarnoff with inputs from NRL.
Sarnoff designed, fabricated and tested the EC. ‘ :

In this report we discuss the design, fabrication and testing of the SOA and the EC.
Following these presentations, we summarize our results and give our conclusions.

. The Semiconductor Optical Amplifier (SOA)

Design

The SOA is a mid-infrared laser that has, as mentioned above, a very low reflectivity at-the
facet internal to the external cavity. Otherwise, it is identical to a laser. In this project the
SOA uses W-QWs as the optical gain media. The W-QWs are pumped either electrically or
optically. Since optical pumping is relatively easier to achieve, our first SOAs are optically
pumped. ' R -

Electrically Pumped SOA - ,
Figure 3 shows the generic energy-band diagram of an electrically pumped W-QW diode
laser [5].

Alg gGag,1As0,07Sbo.93 Alg.oGag 1AS0,075bo .93
n-GaSb  n-cladding layers p-cladding layers
Subgtrate Alg 15Gag gsAS0,025bo.98
barriegr layers

upper lager

lowertaser level

0.6 pm
2pm \ 2ym
Alg,35Gag.65A80.035bo o7

. SCH Layers 5 W-QWs

Figure 3. Energy-band diagram of a W-QW laser.

All SOA structures are grown by molecular-beam epitaxy (MBE). Begmning with an
n-GaSb substrate, the composition is graded to AlyGag;As;Sby g, Which is the 2-pm-thick




n-cladding layer. The graded region is as heavily Te-doped as possible (i. e., about 2 x 10"
em?) to reduce Ohmic losses. The separate-confinement heterostructure (SCH) layer is
grown next. The SCH layers are 0.6-um thick and are designed to confine the optical mode
to the waveguide region consisting of the SCH/W-QW/SCH layers, with only a small
percentage of the mode in the more heavily doped cladding layers. Thus, optical losses
resulting mainly from free-carrier absorption are greatly reduced. This design approach was
developed at Sarnoff and is known as the broadened-waveguide design [9]- The SCH layer
may have two compositions, as shown in Figure 3, or it may comprise a single-composition
AlGaAsSb layer, the Al-composition of which is about 35%. The energy barriers in a step-
graded SCH layer tend to force carriers into the W-QWs, increasing the internal efficiency.

A number of identical W-QWSs are grown next. In searching for the optimal gain, this
number varies from 3 to 10. The thicknesses and compositions of the wells determine the
peak optical gain position. The structure is completed by growing symmetrical SCH, p-
cladding, p-graded, and p-GaSb cap layers. The p-type dopant is Be.

In some designs we have inserted a superlattice, “hole-blocker”, at the n-cladding/SCH
interface. This superlattice has a forbidden band at the n-cladding valence band edge that
impedes hole injection from the SCH into the n-cladding layer. Thus, holes are more
strongly confined to the waveguide region, increasing the laser’s internal efficiency [10].

A detailed energy-band diagram of three W-QWs is shown in Figure 4. Also shown is the
overlap of the intensities of the electron and hole wavefunctions. -

GalnSb

vB — i}

InAs

Figure 4. W-QW band diagram showing the imporiant energy states, along with the electron-hole
wavefunction intensity overlap. _

The W-QWs employed in our lasers comprise two InAs layers sandwiching a GalnSb layer.
The QW barriers shown in Figure 4 are AISb, but in many of our devices the barriers have




been AlGaAsSb having the same composition as the SCH layer. Typical thicknesses of the
W-QW components are 3.2 nm for the AlSb, 1.7 nm for the InAs, and 3.0 nm for the
GalnSb. The name W-QW comes from the obvious similarity of the energy-band diagram
of the quantum well to the letter W. ' .

As shown in Figure 4, the W-QWs are type-II, and the lasing transition, E, to H,, has a
diagonal component. The transition is from the first electron state, E,, in the InAs to the
first heavy-hole state, H,, in the GaInSb. The symmetrical nature of the W-QW increases
the electron-hole wavefunction overlap, and hence, the gain. Nonetheless, the diagonal
nature of the transition reduces the gain by about 50%, compared with that of a type-I QW.
Auger recombination in a W-QW is, however, only one-sixth that of a comparable type-I
QW [11, 12]. This is critical in mid-infrared lasers, for Auger recombination rates 1increase
exponentially with increasing wavelength and with increasing temperature. Large Auger
recombination rates translate into high threshold currents and low maximum-operating
temperatures. '

Details of the 3.3-um (T = 300 K) electrically pumped SOA layer structure are shown in
Figure 5. | '

) Optical
Region Composition Thickness Doping Confinement Repeat A=33um

Cap layer p*-GaSb 50nm  2.0E+19 1
Transition Graded p-AlGaAsSb 50nm  S5.0E+18 1
p-clad p-Al sGao 1AS0.07Sboss 1.5um '50E+18 0.09 1
SCH AloasGiao esAso aaSboe? 0.6 um  undoped 0.30 1
1st Barrier Alo15GaossASo.0sSboss 80A  undoped 1 :
W-Active  InAs/GalnSb/inAs/AIGaAsSbW  0.14pm  undoped 0.15 InAs GaozslngzsSb InAs  Alo15GaossASoasSboss
x5 158A ° 27A 15A 80A
Hole blocker InAs/AISh 20nm  undoped 0.10 inAs AlsSb
x11  10A gA
SCH Alo35Gao esASo.0aSbosr 06um  undoped 0.28
n-clad n-Alo 9Gap 1As0 07Sbo.ss 20um  5.00E+17 009 1
Transition Graded n-AiGaAsSb 50nm  5.00E+17 1
Buffer n-GaSb
Substrate n-GaSb

Figure 5. The layer structure of an electrically pumped 3.3-um W-QW SOA.

The layer structure is given from the p-GaSb cap layer down to the substrate. The
composition, thickness and doping levels are given in the second, third, and fourth columns.
The cladding layers are 1.5-um thick. Using Te as the n-type dopant limits the doping of the
n-type layers to about 2 x 10" cm®, whereas the p-AlGaAsSb layers can be doped to 5 x 10
cm®. The maximum doping level in n-AlGaAsSb is compensated by the order-of-magnitude -
larger electron mobility in AlGaAsSb, as compared with hole mobility in p-AlGaAsSb, thus
rendering resistivities of n- and p-AlGaAsSb nearly equal. The waveguide region is
undoped. The AlGaAsSb SCH layers have an Al-content of 35%.

The present design calls for 5 W-QWSs. The thickness and compositioh of each constituent
is given in columns 7 through 10. The number of QWs and the width of the SCH layers
may be varied to optimize performance. The hole-blocker superlattice comprises eleven

undoped layers each of InAs (10 A) and AlSb (9 A). ‘




Optically Pumped SOA ~ :
The layer structure of the optically pumped SOA [12] is shown in Figure 6.

Layer Structure Thickness (A) Hepéals Index

Top Clad AlAS 06Sbo ¢z 6000 1 3.18 To define 5-um-wide ridge wéveguide: atch 4500 A of top clad, dept
InAs GaSb  InAs AiSb
Active InAs/GaSb/InAs/AISb W 960 10 349 17A  30A 17A 32A (confinement factor = 11%)
Hole Blocker AlAS, 05b0.02 100 1 3.18 ’
SCH GasSh 3000 1 373
Bottom Clad AlAS( 065D ¢z 20000 1 3.18
Substrate GaSb 500 um 373
Total MBE Thicknass (um) 3.006
Designed for emission at 3.2 um at 300 K Modal Index = 3.32

Figure 6. Layer structure of an aptically pumped optical amplifier (S OA).

This structure is designed to operate at 3.2 pm at 300 K. Because there is no carrier
transport through the cladding layers, the entire structure is intentionally undoped. This
reduces free-carrier absorption in the cladding layers. Electron-hole pairs are generated
directly in the W-QWs by absorbing 1-pm or 2-um pump radiation. To increase absorption,
there are 10 W-QWs in the optically pumped structure. The overlap of the optical mode
with the W-QWs, also called the confinement factor, T, is 11%. The value of I in near-
infrared QW lasers normally about 1%; so we have designed a strong coupling between the
mode and the W-QWs to decrease the threshold pump radiation power. However, W-QWs
introduce losses stemming from interface-roughness scattering and free-carrier absorption.
It is unclear what the optimal number of W-QWs is. We varied the number of W-QWs to
see how it affects performance in terms of threshold pump power, SOA efficiency and

tuning range.

The Physical Structure of the SOA , , 1

To guide the wave in the lateral direction, a 0.4-um-high ridge will be etched in the chip as
indicated schematically in Figure 7. The ridge width at its base is 3 to 5 pm. It provides
weak index guiding that supports only the zero-order lateral mode. This waveguide has also
been formed by an etched ridge of amorphous silicon (a-Si) that has been deposited on top
of the wafer. '

-Optical Mode

ol s

Figure 7. Schematic of a ridge waveguide that supports the fundamental Jpatié/ mode of the SOA.




Curved Ridge Waveguide

As discussed above, the SOA incorporates a curved ndge waveguide. A schematic diagram

of the curved ridge waveguide is shown in Figure 8.
input

from
Retroreflector

1-3mm

4 90 °

o

Output Beam

-

Figure 8. Schematic diagram of a curved ridge wavegnide semiconductor optical amplifier.

The ridge meets the output facet at 90°, and the reflectivity, R, of the facet is a design
variable. The facet is coated so that R = 30%. The ridge meets the opposite facet at an
angle of 6°, and the facet is coated with a standard quarter-wave AJZO layer that results in a
reflectivity of about 3%. The effective reflectivity at this facet is less than 10™ [6]. The
optical beam enters and exits this facet at about 20°. :

For electrical pumping, the entire chip area, including the ridge, is coated with an insulator, a
contact stripe is opened along the ridge, and a Ti/Pt/Au Ohmic metallization layer is
deposited. In the case of optical pumping, the ridge is defined as before, but no contact
opening is made. Metal is deposited everywhere except on top of the ridge, thus acting as a
mask for pump radiation. Pump radiation is only absorbed beneath the ridge, and hence
only along the curved ridge is there optical gain. The metal mask inhibits Fabry-Perot laser
action between the parallel facets of the chip. ’

The Minimum Radius of Curvature for the Curved Ridge Wéveguide

Figure 9 shows schematically, and not to scale, the plan view of the curved ridge waveguide
SOA. :




c

Figure 9. The geometrical configuration of the curved waveguide SOA.

The ridge is an arc of a circle that is perpendicular to the output facet of the SOA. This
output facet has 2 neutral optical coating that reflects about 30% of the modal power back
into the SOA. The other end of the ridge meets the low-reflect (3%) facet at an angle of
about 6°. This means that the output beam is refracted from the normal by about 20°
because the effective refractive index of the optical mode in the SOA is about 3.4. The
combination of the angled ridge and the low-reflect facet coating makes the modal
reflectivity at this facet less than 10 [6]. There is, therefore, little concern with etalons set
up within the ECL through reflections off this facet. Neither do we expect laser oscillation
to occur within the SOA. Coupling efficiencies of about 50% have been measured from
angled ridge waveguides into a collimating lens [G. Alphonse of Sarnoff Corporation, private
communication]. The design shown in Figure 9 maximizes the arc’s radius of curvature, R.
The SOA cavity length is L. :

The fundamental mode in a curved ridge waveguide experiences radiation losses [7, 8].
There is an evanescent portion of the mode, extending radially outward from the ridge that
attains a phase velocity exceeding the speed of light in the semiconductor. The optical
power in this portion radiates away and 1s lost.

Below is an expression that gives the minimum radius of curvature, R, of the ridge
waveguide, as shown in Figure 9, for which losses are negligible. This formula is derived
from Equation (21) of reference [7]. o

(22
e c

The free-space wavelength is A, and it is about 3 um. The modal refractive index is n, and is
about 3.4. "The refractive index in the channels adjacent to the ridge is n, and the difference




between n, and n_ is about 0.003. Consequently, the channels and the ridge form a weak
dielectric waveguide that supports only the fundamental lateral optical mode. Using these

parameter values, we find that for a ridge radius of curvature R 2 1.2 cm, radiation losses are
negligible. } v ‘

From the geometry of Figure 9, the arc of the ridge subtends about 0.1 radian, and L is
approximately equal to the arc length, so L = 0.1 R = 1.2 mm. A minimum chip or cavity
length of 1.2 mm is practical. Mid-IR lasers with cavity lengths as long as 2 to 3 mm have
shown excellent performance, especially if internal optical losses are about 2 em®[9].

The curved ridge waveguide can be designed to have negligible radiation losses. For A =
3 um, the design limits the ridge or cavity length to a minimum of about 1.2 mm, which is a
very practical value. For A =5 um the cavity length increases to 2 mm, still a practical value.

ll. Experimental Results for the Semiconductor Optical
Amplifier
Lincoln Laboratory Optically Pumped SOA Structure and Processing

Early in the project, Sarnoff lost its only MBE grower. To maintain continuity in the
program, Samnoff received permission to obtain SOA structures from Dr. George Turner of
- MIT Lincoln Laboratory. This subsection describes his SOA design and the SOA structures
that he supplied to us. g

Since optical pumping does not require current flow though the laser, an index-guiding
ridge-waveguide (RWG) design can be implemented by depositing a suitable detection, or
low-conductivity material on the top of a grown laser structure. This is shown in Figure 10.

Deposited

dielectric layers \

Thin Cladding

Waveguide Core

Cladding

Substrate

Figure 10. Schematic diagram of a RWG comprising an epitaxially grown laser structure with a thin top
cladding layer and a deposited dielectric ridge

This innovative design comes from Dr. George Turner’s group at Lincoln Laboratory (LL).
The top cladding layer is thinner than normal: 0.1 pm as opposed to the usual thickness of




about 2 um. The deposited dielectric is about 0.4 pm thick and is chosen to be transparent
and lossless at the lasing wavelength. The RWG width is 5 to 10 pm, and it is designed to
support the fundamental lateral optical mode. _

Figure 11 shows the vertical structure of the SOA. It was grown via MBE by the Lincoln
Laboratory staff under the direction of Dr. George Turner.

Run# 299-066

Cross-Section Schematic

e 100A n-GaSb Ca‘p Quantum Wel Structure

0.1pm n-AlAsSb © 1000A u-GalnAsSb
F————— 6 Period QW ——H] 21A winAs
- * 24A u-GalnSb
2.0pm n-AlAsSb ‘%B:I .
0.5pym y-GaSb 21A vinAs
n-GaSb : . 1000A u-GalnAsSb

Figure 11. The vervical structure of Lincoln Laboratory wafer # 299-066, comprising a 6-W-QW gain
region between two n-AIGaAsSb cladding layers. The W-QW structure is shown at the right.

The 100-A GaSb cap layer protects the AlGaAsSb from oxidation. The six W-QWs are
undoped and the cladding layers are lightly doped n-type. In an optically pumped device
there is no need for a p-n junction, and avoiding n- and especially p-doping reduces the
optical losses. P-doped antimonides in general have large intervalence-band -absorption
coefficients in the mid-infrared.

The ﬁpper cladding layer is only 0.1 pm thick, whereas the lower cladding layer is 2 um thick.
This is because an amorphous electron-beam-deposited silicon ridge waveguide is deposited
on top of the structure to provide index guiding,

A detailed picture of the individual W-QW is shown in Figure 11. The W-QW consists of a
24- A GalInSb layer between two 21- A InAs layers. 1000- A -thick GalnSb barriers separate
the wells and absorb pump radiation. The room-temperature lasing wavelength is designed
to be 3.75 pm. All the materials comprising the wells and the batriers are undoped.

Sarnoff SOA Processing
Sarnoff processed the SOA in two ways, as shown in Figure 12.

In the first method the amorphous silicon (a-Si) is deposited and defined as aRWG. Thena
metallic layer is deposited and defined on the areas adjacent to the ridge. The metal acts as
an optical shield; only the region beneath the RWG 1s optically pumped. This 1s an
important feature in the case of curved waveguides, because the pump beam is in the form
of a2 broad stripe. Without the metal shield Fabry-Perot laser action could occur outside the
RWG. The Ti in the metal is likely to present a loss to any part of the mode that interacts
with it. However, this may help inhibit lasing in higher order lateral modes.
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5, 10 um-wide a-
Si RWG
Ti(200 A)/Au(1500 A) 0.4-um thick

N

Antimonide Laser
Wafer 299-066

5, 10 pm-wide a-
Ti(200 A)/Au(1500 A) Si R}’G

Antimonide Laser
Wafer 299-066

Figure 12. Optically pumped 3.75-Wm antimonide laser with an a-Si 0.4-lm-thick RWG d, pofzted in
two different ways.

Figure 13 shows the curved RWG optically pumped processed using wafer 299-066.

High-Reflect (HR) Coating

5 10p.m T
1-2mm
Normal Angled Ourved
Laser SOA

Law-Reﬂect (LR) Coating

Figure 13. The RWG design for the'urved SOA.

The SOAs are of three basic ridge-waveguide designs: a linear RWG aligned perpendicular to
the facet plane; a linear, angled RWG that meets both facets at 6° from the normal; and a
curved RWG that is normal to the high-reflect (HR) facet plane and is 6° off the normal at
the low-reflect (LR) facet plane. The curve of the RWG is a circular arc, as discussed above.
The linear RWG perpendicular to the facets is a standard optically pumped RWG laser. Itis

11




used to test the quality of the material and the processing. Its lasing properties, as a function
of temperature, assess the quality of the ridge and the losses introduced by the metal shield.
The characteristics of the angled linear RWG SOA are compared with the characteristics of
the curved RWG. This comparison allows an estimate of the losses from the curvature of
the RWG. Cavity lengths of 1 and 2 mm were fabricated, along with RWG widths of 5 and
10 pm. The processed wafer was cleaved into facet-coated and tested 1- and 2-mm-wide
bars. '

Before cleaving it into bars, Wafer 299-066 was thinned to about 150 um. Otherwise,
cleaving would have been irregular and difficult to control. Because the curved ridge
waveguides had to be cleaved at precise locations, we had to assure a controllable cleaving
process, which requires pre-thinning the wafer before making bars. This is the standard
process for laser fabrication. Once the wafer was thinned, it was cleaved into 1- and 2-mm
bars, HR and LR facet coated, and tested at NRL. '

LL also grew 3.2-um SOAs. The structure of these SOAs is shown in Figure 14.

Layer Structure Thickness (A) Repeats Index
Cap Layer Gasb 100 1 373 :

(confinement factor = 13%)
TOP Clad AIoAsGao‘sASu_MsboAga 2000 1 3.45

InAs - GaSb  InAs AISb

Active InAs/GaSb/inAs/AiSb W 960 10 349 17A 30A " 17A 32A
Hole Blocker AlAs 08Sbo o2 100 1 3.18
SCH GaSb 1000 1 3.73
Bottom Clad AlAsg 05Sbo o2 . 20000 1 3.18
Substrate GaSb ’ Thick 3.73

Total MBE Thickness (um) 2416

Designed for emission at 3.2 um at 300 K
All grown layers are undoped

Figure 14. The layer structure of an optically pumped 3.2.um W-QW SOA.

This structure has a 10-W-QW active region and a lower GaSb SCH layer. The bottom
AlAs, ,Sb,,, cladding layer is 2 um thick, but the top cladding layer is Al,3Ga,5A86045Po g6,
and it is only 0.2 pm thick. A very thin (10 nm) GaSb cap layer protects the top cladding
layer from oxidizing. : .

A 0.3-um a-Si ridge waveguide was generated on the top side of the wafer to provide lateral
index guiding. A 0.3-pm-thick SiN, layer with metal on top was deposited everywhere
outside the ridge to block the pump laser radiation. The finished chip profile, taken normal
to the RWG, is shown schematically in Figure 15.

R e
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5, 10 uma-Si
Ti(200 AYAu(1500 A) RWG

SiN,

0.3-um thick 0.3 pum

Antimonide Laser
10-W-QW 3.2-um

. SiN,
5,10 um a-Si 03 um
Ti(200 A)/Au(1500 A) o 3§1Wm G'ck

Antimonide Laser
10-W-QW 3.2-um

Figure 15. A schematic diagram of the 3.2-um 10-W-QW structure with an a-5i ridge waveguide and an
SiN,-metal blocking layer.

As was done with wafer 299-066, two approaches were taken. In the first, a 0.3-pm-thick a-
Si RWG was defined, and SiN, was deposited everywhere outside the RWG. An Au optical
mask was then deposited on the SiN,. In the second approach, The SiN, and the Au were
first deposited and defined, and then a-Si was deposited everywhere.

Unfdrtunately, none of these LL-grown SOA structures exhibited lasing when the
perpendicular RWG lasers were tested at NRL. The devices were tested under conditions
identical to Sarnoff lasers discussed in Section IV. :

Photoluminescence Calibration and Characterization of Sarnoff SOAs

Sarnoff grew via MBE seven wafers to calibrate the photoluminescent (PL) wavelength of
the W-QW optically pumped laser structure. The goal was to determine the W-QW
configuration that gave a lasing wavelength of about 3.2 um at room temperature. The basic
structure is shown in Figure 16. .
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Structure of JGK-0080
Layer Structure Thickness (hm)| Repeats | Index (3.25 um)

Cap GaSb 10 1 3.73
Hole Blocker AlAs; 0gSbyp g2 10 1 3.18

InAs GaSb | inAs AlSb
Active W-QW | InAs/GaSb/InAs/AISb W 96 10 349 197A | 30A [ 197A[ 35A
Hole Blocker AlAs; 0gSbg g2 10 1 - 318
SCH GaSb 100 1 3.73
Bottom Clad AlAs; 0sSbg g2 2000 1 - 3.18
Buffer GaSb 500 -1 3.73
Substrate GaSb Thick 3.73

Figure 16. The layer structure of an optically pumped 3.25-um W-QW laser, wafer J[GK-0090.

The PL spectra of one of the wafers, JGK-0090, taken at 77, 200, and 300 K, are shown in
Figure 17.

JGK 0090 - PL
T M WA A e A I L S
1E7 | ~ ) . e
x: —T=78K | 3
—T=200K
2 —T=300K
c
=
g 1ES8E E
8
§1E—9:- 4
1E-10 [P APEPEPEr BN PPV IPY WP PSS BrErarare B
2.25 2.50 2.75 3.00 325 3.50 3.75 4.00
Wavelength (um)

Figure 17. The PL spectra of wafer [GK-0090 at T = 77, 200, and 300 K

At 77 K the PL peaks at about 2.9 pm. With increasing temperature the PL peak diminishes
in magnitude and shifts to longer wavelengths, reaching 3.25 pm at 300 K. The average rate
of the peak pm shift is 1.6 nm/K. The PL spectrum broadens with increasing temperature,
as well. Atmospheric water-vapor absorption produces the structure in the spectra at about

2.7 um.

To calibrate the MBE growth system, the structure shown in Figure 16 was repeatedly grown
varying the thickness of the InAs in every W-QW. PL data were taken, and the variation in
the PL peak with InAs-layer thickness. Figure 18 shows the results.
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Figure 18. The variation of the PL. peak at 300 K with InAs-layer thickness in the WQWJ

As it turned out, the InAs thickness for wafers JGK-0090 (shown in Figure 16) and JGK-
0091 had the right InAs-layer thickness, about 1.95 nm, to produce a 300-K PL at 3.25 ym.
Note that the InAs thicknesses plotted in Figure 18 are average values of the InAs-layer
thickness, as determined through analysis of the double-crystal X-ray spectra measured for
each of these wafers. Figute 18 gives us the calibration required to produce any PL
wavelength from 2.8 to 3.6 ym. '

Wafers JGK-0090 and JGK-0091 were then coated with 500-nm of electron-beam-deposited
Si and shipped to the NRL for characterization as optically pumped lasers without ridge

waveguide. The Si acts as the top section of the transverse optical waveguide. Figure 19
shows the pulsed-mode output-power characteristics of wafer JGK-0090.

JGK 0090 + o-Si (cavity length =1 mm)

S AR S ARARS o
A =1.064pm '
04 'cw =88ns
. 004} T .= i
g I f28Hz “P ]
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g #
z ®
S oo} o .
§ ! i '
a
001} o -
[~]
L n‘s'
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Pump Intensity (kW / cm ?)

Figure 19. The pulfed-mode output-power characteristics taken at 77 K of wafer JGK-0090 coated with |
electron-beam-deposited Si. v
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The wafer was cleaved into bars 1 mm long; the facets were uncoated. The bars were held at
77 K and pumped in the pulsed-mode with a 1.064-um Nd:YAG laser. The stripe width of
the pump low beam was 150 um, and it was normal to the facets. The pulse width was 88
ns, and the repetition rate was 8 Hz. This translates into a duty cycle of 1 x 10°, which
means that laser heating was negligible. The threshold pump intensity, Py, is about 6
kW/cm?, which is ten to forty times greater than those of similar devices [12]. This
indicated that something was seriously wrong with the wafers. The external power-
conversion efficiency is very low at 0.13%. It’s typically 3% [12]. Lasers from wafer JGK-

0091 exhibited similar behavior.

The increase of the threshold pump intensity with increasing temperature is shown in

. Figure 20.

JGK 0090 + a-Si (cavity length =1 mm)

100 e T t
— [ Ap,=1084um
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T 100 125 ~ 150
Temperature (K)

Figure 20. The temperature sensitivity of the threshold pump intensity for a laser from wafer JGK-0090.

The temperature sensitivity of Py increases faster than exponentially with increasing
temperature. Using the data points at the three highest temperatures to calculate the
characteristic temperature, T,, one obtains a value of 35 K. This is close to the value
obtained for 3.2-um W-QW diode lasers [5]. The rather temperature-insensitive behavior of
the threshold pump intensity near 77 K is most likely the result of Py, being so large that 1t

masks any temperature variation.

The lasing spectra from JGK-0090 and -0091 are shown in Figures 21 and 22, respectively.
Referring to Figure 17, the multi-mode spectrum of Figure 21 falls slightly to the short-
wavelength side of the PL peak. The PL peak and the lasing wavelength for optically
pumped devices occur at about the same wavelength. At room temperature we expect the
lasing wavelength to be about 3.2 um.

During wafer testing, it was noticed that the surfaces of wafers JGK-0090 and —0091 were
covered with spots. Figure 23 shows a photograph of the surface of wafer JGK-0090.

16




JGK 0090 + o-Si (cavity length = 1 mm)
L) M ) L] 1
AM=1.064p.m T=78K
+ rmm=88ns 1
f=8Hz 4
| resolution =5 nm

‘ B A A W

26 27 28 29 3.0
Wavelength (um)

Figure 21. The 78-K output specirum of a laser from wafer JGK-0090.
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- Figure 22. The 78-K output spectrum of a laser from wafer J[GK-0091.
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Figure 23. A photograph of wafer [GK-0090 partially coated with CVD-deposited Si. The vertical
striations are an artifact of the compuier-copying-pasting process.

This photograph shows the wafer covered with. tiny defects that are 150-nm-high bumps.
They are on the surface of the wafer. Later wafer growths eliminated this surface defect
problem. The vertical striations are an artifact of the computer-copying-pasting process.

Amorphous Silicon (a-Si) Ridge Waveguides

To improve the Si waveguide, Sarnoff replaced e-beam deposited silicon with plasma-
enhanced-chemical vapor deposited amorphous silicon (a-Si) [13]. The following is a review
of a-Si as it applies to optical waveguides. , |

Since the invention of the amorphous silicon (a-Si) solar cell in 1976 at RCA/Sarnoff [14],
the material has been extensively investigated for applications in large area electronics. The
optical properties of a-Si (refractive index and optical absorption in visible and infrared
regions) can be varied by alloying a-Si with germanium, carbon, or nitrogen. Amorphous
silicon compounds can be easly doped p- or n-type with boron or phosphorous,
respectively. Several companies have manufactured amorphous silicon solar panels larger
than 1 m?® in area and with conversion efficiencies > 8%. In their early years, active matrix
liquid crystal displays all were manufactured using a-Si thin-film transistors. '

While several methods are available to deposit a-Si films, plasma enhanced chemical vapor
deposition (PECVD) is by far the most widely used technique for electronic device grade
materials. PECVD is a proven technique for Si and III-V optoelectronic device processing
as well, since it is used extensively for the deposition of inter-metal dielectric and passivation
layers, such as silicon oxides and nitrides. Deposition of a-Si by PECVD is also expected to
be fully compatible with IIT-V processing, since the deposition temperature is below 350°C,
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and the material can be etched using fluorine-based plasmas, which offer good selectivity '
relative to InP. :

Amorphous Si has a direct optical bandgap of about 1.7 eV. Figure 24 shows the optical
absorption of a typical 2-Si sample, compared with that of crystalline silicon (c-S1), as a
function of photon energy. The sub-bandgap absorption coefficient (E,, < 1eV) can be as
low as 0.1 em™, which is suitable for low-loss infrared waveguide applications.

The room-temperature conductivity of typical device-quality a-Si can be controlled from
~10™ Q'cm™ to ~ 10* Qlem™ p-type and ~10” Q'cm™ n-type by doping with boron and
phosphorous, respectively. Heavy doping, however, results in a higher defect density and
consequently an increase in the sub-bandgap optical loss.

4

10

optical absorption, O [cm'1]

0.6 1.0 14 18 22
photon energy [eV]
Figure 24. Optical absorption coefficient as a function of photon energy for a typical a-Si:H film made by

plasma-enhanced chemical-vapor deposition. The sub-bandgap absorption was measured by photo-thermal
deflection spectroscopy. The absorption coefficient of crystalline silicon is shown for comparison. '

The refractive index of PECVD deposited films can be easily adjusted through alloying with
a suitable choice of gases and flow ratios. The table below shows examples of how films
with refractive indices ranging from 2.4 to 3.7 can be deposited in a single system. Over this
entire range of refractive indices, it is possible to grow films with very low optical loss (< 0.1
cm?) for A > 1.3 um. Several groups have successfully used PECVD silicon oxides and
oxynitrides for waveguide applications. Silicon rich nitride and carbide films have been
investigated as higher index waveguide materials with promising results [15].

Material Gases N/Si, C/Si ratio in film | Refractive index
Silicon-rich nitride | SiH,, N, 0.05-1.0 24-3.7
Silicon-rich carbide | SiH,, CH, 0-1.0 2.6-3.7

Figure 25(a) shows the refractive index as a function of N,/Sill, flow ratio for a set of
samples deposited at Sarnoff. Figure 25(b) shows the refractive index as a function of
CH,/SiH, flow ratio for a set of silicon carbide samples.
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Figure 25. (a) Refractive indices of a series of a-SiN, films made by varying N,/ SiH, ratio in the PECVD
deposition; (b) refractive indices of a series of a-SiCfor films using a gas mixture of SitH, + CH, + H,.

Sarnoff has fabricated and demonstrated an a-Si nitride Waveguide using SF, for plasma
etching. Figure 26 shows the SEM picture of such a waveguide with relatively smooth
etched sidewall surfaces. The high-quality, cleaved waveguide facet is also shown in

Figure 26.

Au COATED 7713781
STV
ZBKY Xepoaos 1y gos RCE

Figure 26. SEM picture of a cross section of an a-SiN,, ridge waveguide with n = 3.4 made on 10, coated
¢-Si substrate. An SF, plasma was used to etch the waveguide. ‘

Characterization of a-Si-Coated Opticélly Pumped 3.2-ym Lasers

Wafers JGK0116 and 00150 were coated with 0.8 pm of a-Si, which has a refractive index of
3.4. Both wafers have the same layer structure as shown in Figure 27.
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Structure of JGK0116 and JGKO0150 sample with a-Si waveguide

Layer Structure Thickness (A)| Repeats | Index
[Waveguide a-Si ~8000 1 3.4
Icap GaSb 1000 1 3.73
Hole Blocker AlAs, 0Sbo.o 100 1 3.18

InAs GaSb | InAs AISb

Active inAs/GaSb/inAs/AISb W 1080 10 349 | 20A | 30A | 20A | 38A
(confinement factor = 9%)

{Hole Blocker AlAs, 4,Sby g, 100 1 3.18
ECH GaSb 4000 1 3.73
i;ottom Clad AlAsg 3Sby g 20000 1 3.18
=Subatrate GaSb 0.5 mm 3.73

Figure 27. Layer structure of wafers JGKO116 and JGKO1 50 coated after MBE growth with 0.8 lm of Si.

The wafers are identical, except that the growth temperatures of the ten W-QWs were
different. The W-QW growth temperature, Tqy, for JGK0116 was 180°C below the GaSb
substrate oxide desorption temperature, T,,, and Ty for JGKO0150 was 200°C below T,
Tow was decreased to clear up a surface defect problem that appeared on the surface of
JGKO0090 when Toy was 130°C below T,,. The density of surface defects decreased with
lowered W-QW growth temperature: wafer JKG0150 had a much lower density of surface
defects than did JGK0116. Recall that as discussed above, the surface of wafer JGK0090

was shown to have a very high density of surface defects (see Figure 23).

Portions of wafers JGK0116 and 0150 were sent to NRL for testing and characterization.
They were cleaved into 2-mm-wide bars and optically pumped with pulsed 1064-nm
radiation from a Nd:YAG laser. The beam was focused into a 150-pum-wide stripe parallel to
the width of the bar. The bar facets were uncoated. These characterization experiments
‘served to qualify the wafer for further processing, as we discuss below.

 Figures 28 and 29 show the pulsed-mode output-power characteristics (L-L) of devices from
wafers JGKO0116 and JGKO0150, each taken at four different temperatures from 78 to 150 K.
(Henceforth, we refer to each as 116 and 150). The pump stripe widths are 150 pm. The
cavity lengths are 2 mm. The 1.064-um pump laser pulse width is 88 ns, and the repetition
rate is 5 Hz for a duty cycle of 4.4 x 107. Above threshold the L-L curves are linear. At 78
K the threshold power, Py, is about 175 W/ cm?, and the maximum output power, P, is
100 mW. This threshold power density is 34 times lower than that found for lasers from
JGK-0090. Both threshold power and output efficiency decrease with increasing
temperature.

N
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Fignre 28. Ousput-power characteristics of an optically pumped laser from JGKO116 a1 four temperatures.

Figure 29 shows the pulsed-mode L-L curves for 0150, again at four different temperaturés.
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Figure 29. Output-power characteristics of an optically pumped laser from JGKO150 at four temperétums.

At 78 K, P, is about 200 W/cm?, a little larger than that of 116. At 18 W input power, the
output power, P, is about 56 mW, whereas 116 outputs 75 mW for an 18-W input.
Comparing the L-L curves for 116 and 150, the performance of 150 1s poorer.
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This difference in performance is seen in a closer look at the temperature variations of the
operational parameters. Figures 30 and 31 show the increase of P, with increasing

temperature for 116 and 150.
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Figure 30. The exponential increase of the threshold power with increasing temperature for devices 116.

Between 78 and 175 K, the characteristic temperature, T;, is 44 K. Above about 200 K, P,

increases rapidly.

T, for devices 150 is 39 K, which means that P,, for 150 rises more rap1dly with 1 mcreasmg
temperature than does 116. Above 200 K, P, begins to run away with increasing
temperature. For both 116 and 150, operation above 200 K was unstable, owmg to the high
input optical powers required to sustain lasing. T = 200 K is the maximum operating

temperature for both lasers.
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Fzgure 31. The exponential increase of the threshold power with increasing temperature for devices 150.
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Figures 32 and 33 show the decrease of the external quantum efficiency, My, with increasing
temperature for devices from 116 and 150, in dimensions of unit power output per facet per
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Figure 32. The decrease of the external efficiency with increasing temperature of 3 lasers from 116 unit
incident pump power. Note that in terms of photons out per facet per incident pump photon, 1), = 0.012 at
78 K, which is threefold higher than the slope efficiency in W/ W.

The data were taken from three regions along the bar: left, center and right. The exact
points will be shown below. My = 0.0042 at 78 K, which is quite low, and it becomes nearly
zero at 210 K. :

Figure 33 shows T for 150. Itis 0.0035 at 78 K, and it approaches zero at 200 K
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Figure 33. “The decrease of the external efficiency with increasing temperatsre of 3 lasers from 150.
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Figures 30 to 33 show that 116 has better output characteristics than does 150. Most likely,
the lower growth temperature of the W-QWs in 150 produced poorer quality material.

The uniformity of the laser bars is exhibited in Figures 34 and 35. An approximately 1-cm-
long bar is pumped as 2 2-mm-long laser along its width. The 150-pym-wide pump stripe is
moved 0.5 mm along the bar. Points a, b, and c are indicated. The efficiency varies slightly
along the bar, tending to decrease somewhat going from left to right. The maximum value
of M, is 0.005 at point a. The uniformity of 1, for lasers along the bar is reasonably good.
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Figure 34. The external efficiency ar 78 K for lasers at 0.5-mm intervals along the bar from JGKO116.
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Figure 35. The excternal efficiency at 78 K for lasers at 0.5-mm inte;walf along the bar from 150.
Lasers from 150 also exhibited reasonably good uniformity of My, but as noted above the

maximum value of 1), is about 40% lower at 0.003.

Output spectra for lasers from 116 and 150 are shown in Figures 36 and 37.
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Figure 36. The outpnt spectra of a laser from 116 at six different temperatures.

From 78 to 150 K the spectra are single-lobed. Above 175 K the spectra broaden
significantly. Note well that the resolution of the spectrometer with which these spectra
were taken is only 5 nm, so the “single-lobed” spectra actually contain many unresolved
modes of the laser. The broadening of the spectra indicates the presence of amplified
spontaneous emission, near the maximum temperature of lasing operation. The device
begins to act as a light-emitting diode with a small optical gain. Whereas the narrowing of
the output spectrum indicates the onset of laser action, the subsequent broadening indicates
the cessation of laser action. -
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Figure 37. The ouéz)m‘ spectra of a laser from 150 at six different temperatures.

The spectra of lasers from 150 are more irregular than those of laser 116, as seen n
Figure 37. There is no uniform increase of the wavelength with increasing temperature, and

spectral broadening begins at 100 K.
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Figure 38 shows the temperature dependence of the wavelength of lasers from 116.
Between 78 and 150 K, the wavelength of the central peak of the spectra increases at the rate
of 1.12 nm/K, which is typ1ca1 for antimonide-based mid-infrared lasers.
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Figure 38. The temperature dependeme of the wavelength of lasers from 116.

The data presented suggests that 116 performs better than 150. The low external efficiency
of 150 nnphes that the lower growth temperature of the QWs produces QWs of inferior
optical gain. Subsequent devices were grown as 116 was grown. :

The low efficiency of 116, and hence the low maximum operating temperature of 200 K,
may be due, in part, to the fact that the pump wavelength was 1064 nm, which is absorbed
by the GaSb layers within the device (see Figure 27).

MBE Growth and Characterization of Additional Sarnoff SOAs

Room temperature photo-pumped lasing experiment on gain-guided samples of JGK0116
and JGKO150 demonstrated that these structures lase at 3.5 um. In order to adjust the
center wavelength of the laser structure to be at 3.25 pm, a new W- QW structure
(JGK0234), as shown in F1gure 39, was designed and grown.

Structure of JGK-0234
Layer Structure Thickness (nm) | Repeats | Index (3.25 um)

Cap GaSb 10 1 3.73
Hole Blocker ’ ‘AIASOAOBSbolgz 10 1 3.18

InAs GaSb InAs AlSb
Active W-QW InAs/GaSb/InAs/AISb W 196 20 3.49 175A 30A 175A 33A
Hole Biocker AlAsg 0gSbg 6o 10 1 3.18 -
SCH Alp 580 sAS0,04Sb0 06 800 1 3.73
Bottom Clad AlAs 0Sbg 92 ‘ 2000 1 3.18
Buffer GaSb 500 1 ' 373
Substrate GaSb Thick 3.73

Figure 39. The layer structure of an optically pumped 3.25.um W-QW laser (JGK0234).
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After growing a 500-nm-thick GaSb buffer layer, a 2-um-thick AlAs,,Sby s, bottom-cladding
layer was grown, followed by the growth of a 800-nm-thick Al GagsAsy0:Sby s SEparate-
confinement-heterostructure (SCH) layer. Next, an AlAs,Sby,, hole-blocking layer was
grown. This layer helps to confine holes in the active region. ‘

The active region comprising 20 W-QWs 15 grown. Each well 1s an
InAs(1.75nm)/GaSb(3nm)/InAs(1.75nm) type-II .W-QW that is calculated to lase at
3.25 um at room temperature. A 3.3-nm-thick AlSb barrier surrounds each well, except the
first one, which has a 10-nm-thick AlAs,,Sby,, bartier. The PL and lasing wavelength of
the W-QWs is determined by the InAs thickness.

The structure is completed by growing 10-nm-thick hole-blocker layer, on top of which 1s
grown a 10-nm-thick GaSb layer that inhibits oxidation of the Al

Wafers JGK0234 and JGK0150 were then coated with 800-nm of PECVD-deposited Si, and
they were processed as ridge-waveguide (RWG) lasers. The results for RWG lasers will are
reported below. ‘

In addition to the a-Si-coated structure, a GaSb waveguide structure (previously grown by G.
Turner at MIT-LL) was duplicated at Samoff MBE reactor (JGK0244) as shown in
Figure 40. This structure was processed separately at Sarnoff.

Layer Structure Thickness (A) | Repeats | Index

Top waveguide GaSb 5000 1 3.73
Hole Blocker AlAs 05Sbg g2 100 1 3.18
) InAs GaSb InAs AISb
Active InAs/GaSb/InAs/AISb W 1960 20 3.49 1765A | 30A | 175A ] 33A
Bottom Clad AlAS( 5aSbg g2 20000 1 3.18
Substrate GaSb Thick 3.73
Total MBE Thickness (um) 2.706

Figure 40. The structure of GaSbh-wavegriide 3.25-ym W-QW laser.

Description of a-Si Ridge Waveguide Processing
Figure 41 shows schematically the a-Si RWG fabricated on laser wafer JGK0150.

<+ 7 &12 um"

- 2
7 SiNx
7
%/////////////////////////////////////////1
a-Si Ridge
0.08 ym JGKO0150
Laser
0.8 um

Figure 41. Schematic diagram of the a-5i ridge wavegnide.
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The top surface of the wafer was coated with 0.8 pm of a-Si, which had a measured
refractive index of 3.4. Using a DE101 plasma, ridge waveguides were etched into the a-S,
leaving about 0.08 pm of a-Si. (DE101 is 98% He, 1.6% CF,, and 0.4% O,.) The ndge
widths were 7 and 12 pm. Three types of waveguides were made: straight waveguides
normal to the laser facets, straight waveguides slanted at an angle of 6°, and curved
waveguides normal to the output facet of the ECL and at 6° to the laser facet that is interior
to the ECL (see Figure 13). The ridges were conformally coated with 0.5 pm of SiN,. ‘Ti(10
nm)/Au(100 nm) was then deposited at ambient temperature everywhere, except on the
ridges. The metal acts as an optical mask, so that only the laser active region beneath the
ridge is optically pumped. This prevents the formation of Fabry-Perot lasers outside the

RWG.

An error occurred during processing, and the metal was misaligned over the ridge, resulting
in part of the ridge being obscured. Figure 42 shows scanning electron microscope
photographs depicting the situation.

Face
metal window misalignment ~ 2 um

. Figure 42. SEM imiages of metal 2-um overlap of a-Si ridge waveguide.

.
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The metal mask overlaps the RWG by about 2 um, as shown clearly in Figure 42-B. This
means that a fraction of the active region beneath the RWG is not pumped. The metal may
also create optical loss for the fundamental mode that is guided by the RWG.

In subsequent fabrications a 5-um gap on each side of the RWG was to be allowed. This
makes photo-mask alignment during device processing much easier. With such a gap the
metal should still act as a mask to inhibit Fabry-Perot laser action outside the RWG.

Laser Results on a-Si Straight/Normal Ridge Waveguides

Despite the misalignment of the metal, bars of RWG lasers were cleaved and facet-coated.
The facet where all RWGs are normal to it was coated to reflect 90% at 3.2 um, and the
opposite facet was coated to reflect 4%. The cavity length (or bar width) was 1.5 mm. The
straight/normal RWG were optically pumped with 2-pm radiation in the pulsed mode (100
ns, 4 kHz). The 2-um pump radiation is more strongly absorbed and has a smaller quantum

defect than a 1-um radiation.

Figure 43 shows the output-power characteristics of the laser at T=295K
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Figure 43. Output-power characteristics for an optically pumped straight/ normal a-Si RWG on laser wafer
JGKO150 at a temperature of 295 K.

In this case the RWG is 12-um wide. The pump laser stripe width, @, is 150 um (FWHM).
The threshold power is about 18 W (100 kW / cm?). The slope efficiency, measured as power
out per facet divided by pump power in is about 0.01%. This is a very low value; about 3%
is expected [12]. Note, however, that the operating temperature is 295 K.

One sixth of the 12-um RWG and about one third of the 7-um RWG is masked by the
metal, and 2 pm outside the RWG is pumped, so the RWG is non-uniformly pumped. This
greatly distorts the mode structure. ‘The metal overlap may also induce optical losses.

Figure 44 shows the threshold pump power as a function of temperature for 7- and 12—prﬁ—
wide RWGs and also for an optically pumped laser from wafer JGK0150 with an 2-Si top
layer, but without an etched RWG. All cavity lengths are 1.5 mm.
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Figure 44. The temperature dependence of the threshold current for RWG and non-RWG lasers from wafer
JGKO150. _

The threshold power, Py, for all three lasers increases exponentially; that is, Py 1s’
proportional to exp(I/Ty). The characteristic temperature, T,, for all the devices is about
54 K. The fact that P, for the non-RWG laser is about 10 times lower than those of the
RWG lasers may be the result of higher intrinsic losses in the RWG itself coupled with
losses due to metal misalignment. The 12- and 7-um RWGs have about the same Py, at all

temperatures. All devices operate at room temperature.

Figure 45 shows the lateral far-field pattern for the 7-um RWG laser at T = 295 K.
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Figure 45. Lateral farsfield pattern for a 7-um-wide a-5i RWG on wafer JGKO150.

The pattern is multi-modal and unsymmetrical. From simple diffraction theory, the half
angle at which the far-field pattern of a uniformly illuminated aperture of width d first
reaches zero intensity is A/d, in which A is the wavelength. In our case 1/d =3.25/7 1s about
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26°, which is approximately true for the data in Figure 44. The fact that the far-field pattern
is multimode casts doubt on the relevance of using such a simple model. L

Figure 46 shows the far-field pattém from an optically pumped 12-um-wide RWG.
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Figure 46. Lateral farficld pastern for a 12-um-wide a-Si RWG on wafer JGK0150

The pattern is less distorted than that of the 7-um-wide RWG laser (see Figure 45). The
diffraction angle is similar. It may be that the overlaping metal governs the shape of the
near-field mode in both cases. :

SOA Summary and Conclusions

We developed optically pumped, amorphous silicon ridge-waveguide lasers that could be
used as curved ridge waveguide semiconductor optical amplifiers. This was done through
the parallel effort of growing an optimal laser structure via molecular-beam epitaxy and
through optimizing a ridge-waveguide design. The resulting lasers operated up to a
temperature of 295 K with no sign of output power saturation or of a runaway in the
threshold current. At 295 K they output 7 mW per facet. Comparison with a stripe laser in
the same material suggested that flaw in the placement of the ridge metal mask induced
losses that increased the threshold pump power by an order of magnitude. The flaw was an
overlap of the metal onto the ridge that masked off pump light. The wavelength of this laser
varied from  3.05 pm at 78 K to about 3.10 pm at 295 K. The lateral far field patterns for
both 7-um-wide and 12-pm-wide ridge-waveguide lasers were multi-lobed, indicating that the
lasers were not operating in the fundamental lateral mode.

We had SOA designs using GaSb ridge-waveguides etched into the grown laser structure.
These were midway through processing when the project ended.

The successful operation of the 3-um optically pumped ridge waveguide laser is partially due
to the redesign of the ridge. This redesign placed a silicon-nitride layer between the metal
mask and the antimonide cladding layer of the laser. In this way any optical losses caused by
the metal were reduced. This approach should produce efficient SOAs for the external
cavity laser. The inadvertent overlap of the metal onto the nidge may have caused the low
external efficiency, and hence, low output power of the laser.
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IV. External Cavity Calculations and Experiments

The External Cavity Laser: General Considerations

The design and analysis of the external cavity (EC) is given below. A simpler Littrow
configuration is also included. :

As a guide to the configuration, Figure 47 shows a schematic of thé external-cavity laser.
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Optical Amplifier

fFacet

“~Output
Facet

Collimating ﬂ
Lens )
- Figure 47. The essential elements of the tunable excternal cavity laser.

A high-Finesse etalon is used as the coarse tuning element within the extemal—ca{rity laser.
An analysis of the optical requirements placed on the tuning etalon is presented, based on
single-mode selection. ' ~ :

“There are two constraints placed on the etalon, determining the linewidth and free-spectral
range (FSR) that ensure selection of a single longitudinal mode of the EC. First, the etalon
transmission peak must be sufficiently narrow to select a single longitudinal mode that
excludes adjacent EC modes. Further, the subsequent etalon transmission peaks must occur
outside the gain spectrum to prevent additional etalon orders from ovetlapping with relevant
cavity modes. Figure 48 shows the EC mode spectra of the EC modes, the tuning etalon,
and the SOA gain spectrum. '

33




1.5

— laser gain profile
--------- '~ external cavity pass band without etalon
~—— Fabry-Perot etalon pass band

power (arbitrary units)

K I: l
295 3.00 : 3.05 3.10
wavelength (um) '

Figure 48. The schematic mode spectra of the external cavity and the coarse-tuning etalon, along with the
gain spectrum of the semiconductor optical amplifier '

In actuality, the free spectral range of the tuning etalon need not be an ihtegral multiple of
the EC mode spacing, as shown in Figure 48.

To begin this analysis, note that the cavity mode spacing s determined by v, = ¢/2nL,
where c is the speed of light in vacuum, n is the group velocity index, and L is the cavity
length. To prevent adjacent cavity modes (red curves) from lying beneath the etalon
transmission profile (blue curves), the etalon transmission linewidth, Av,,, should be less
than the cavity mode spacing. So one can take Av,,, = v./2. Further, to have a single etalon
transmission peak within the gain bandwidth, Av,;, the epalon free spectral range, Vi, needs
to span the gain bandwidth (black curve). Therefore, Vpsp = AV, We assume that the
gain-bandwidth equals 10% of the optical frequency. That is, Avg,, = 0.1 c/A, where A is the
laser free-space wavelength, which in our case 1s 3.2 pm. Vgg is, therefore about 9 THz.
With these constraints, the etalon Finesse, and hence, the required optical reflectivity of the
surfaces of the etalon, can be determined. The etalon Finesse is defined as F = vgg/ AV,
and assuming that the reflective surfaces, R, making up the etalon are identical, F = =
R?/(1-R). Based on these constraints, Figure 49 shows the needed etalon Finesse as a
function of cavity length. The larger the cavity, the more finely spaced the external-cavity
modes the higher the etalon Finesse must be to envelop a single longitudinal mode.

Figure 50 displays the reflectivity needed on each surface of the etalon to achieve the Finesse
given in Figure 49. Reflective coatings greater than 99.8% are needed with bandwidths
which span the region of interest.

The free-spectral range is determined by the etalon thickness, L,. For example, a 6.6 um
thick ZnSe substrate (n = 2.4) or a 9-um-thick Sapphire plate (n = 1.76) provides the needed
free-spectral range of 9 THz (Vez = ¢/(2nLy). It is difficult to obtain plates of this
thickness while maintaining good optical quality (A/10 surface quality). On the other hand,
an air-gap etalon comprising twe parallel, highly reflective, optically flat plates that are

-~
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separated by a narrow gap can be assembled (see Figure 51). The back sides of each plate
must be anti-reflection coated, or a wedged-plate can be used to prevent unwanted intra-
cavity reflections. For an air-gap etalon, a gap spacing of 16 um provides the required free-
spectral range. Whether a solid or an air-gap etalon is used, losses due to scattering from
imperfections or impurities on the etalon surface lead to a reduction in the Finesse, and
optical performance suffers. It may be necessary to seal the etalon hermetically to avoid
exposure to atmospheric contaminants that can increase scattering losses.
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Figure 49. Etalon finesse needed to select a single longitudinal cavity mode. Etalon free spectral range is
chosen to be 320 nm (9.4 TH), or equal to a gain-bandwidth of 10% of the gprical frequenyy, which
corvesponds Yo a wavelength of 3.2 pm.
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Figure 50. Corresponding mirvor reflectivity needed to achicve etalon Finesse shown in Figure 49.

L
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Figure 51. Schematic of solsd (left) and airgap (vight) etalon. A ring spacer, such as ultra-low-expansion
quart3, is used 1o set air-gap spacing. B . -
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The tuning characteristics of the etalon can be determined through a rotation from normal
incidence. The rotation increases the etalon path-length, L,, thus, changing Vi The
important etalon transmission peak is the one that occurs at the wavelength range of interest,
Nvgep = V,; where N is the order of the etalon and v, is the SOA center frequency. From
the above conditions, N = 10 (Vg = 0.1v.). For a full tuning range, it is necessary to
increase the etalon path-length such that NV'gsg = Vise (N+1); where Viegg 18 the new etalon
free-spectral range after rotation. In other words, to cover the full tuning range, it is
necessary to rotate the etalon so the transmission peak sweeps out one free-spectral range.
Figure 52 shows the needed angular rotation of an air-gap etalon to allow tuning over one
free-spectral range. The air-gap etalon is formed between two HR coated ZnSe substrates
and a 10-degree rotation will provide the needed tuning range.
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Figure 52. Wavelength tuning by etalon rotation. At ten-degrees rotation (off normal), the etalon
transmission peak sweeps through one free-spectral range. The etalon is formed by a 16 um airgap between
two HR/ AR-coated ZnSe plates. The total external-cavity lngth has to be adjusted to maintain fixed
cavity modes as etalon is rotated. Mounting the cavity end-mirror on a pie3o actuator provides the needed
length control, a total displacement of 1.6 um (i.e. A,/ 2).

We located vendors to supply such an etalon. The company named II-VI, Inc. may have
been able to provide the needed AR/HR coated ZnSe substrates, and a company such as
Wave Precision may have been able to construct the air-gap etalon module. Owing to
budgetary and time constraints, however, Sarnoff designed, fabricated and tested air-gap
- etalons.

Our preliminary design is based on the device gain peak wavelength of 3.75 ym and ECL
tunable range of 200 nm. For the convenience of bench top operation, the cavity length is
8 cm. With this cavity length, the ECL cavity should support about 10* longitudinal modes,
which is reasonable for most lasers. A coarse-tuning etalon selects a cavity mode and
provides wavelength tuning. The etalon mode spacing is set to be the same as the ECL
tunable range, namely 200 nm. The etalon linewidth is set to be half the ELC cavity mode
spacing.

The 8-cm cavity length leads to the cavity-mode spacing of 1.88 GHz. The etalon thickness
is determined by the 3.75-um peak wavelength and tunable range of about 200 nm. We
originally proposed a ZnSe-based solid etalon with its rotation to reach ECL tuning.
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However, we learned from vendors that they have engineering difficulties fabricating the
etalon with a thickness of 14.5 um. Therefore, we changed our design to an air-gap etalon
with two high reflection coated ZnSe mirrors. The gap width will be 16 pm, which
corresponds to the etalon mode spacing of 9.5 x 10° GHz. This means that there are about
5,000 cavity modes between the two adjacent etalon modes. The etalon scan range is about
2 um to cover the 200 nm bandwidth. In order to reach 1.8 GHz linewidth, the etalon needs
to have a finesse of about 3,000, which implies an etalon mirror reflectivity of 99.9%.
Figure 53 shows the relationship between etalon finesse and mirror reflectivity. While 99.5%
reflectivity can be guaranteed, most vendors can only promise best effort for 99.9%.
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Figure 53. Etalon finesse increases with mirror reflectivity

While the etalon is tuned from 3.65 to 3.85 um, the cavity length needs to be increased by
about 4 mm, so 2 fixed cavity mode is always selected while the etalon is being tuned. Since
typical piezo actuators only cover a range up to several hundred micrometers, we will need
to couple a micrometer to the piezo to facilitate such a wide range cavity tuning.

The above design served as a guide for the required optical parts needed for the project.

Diffraction Grating as a Tuning Etalon

Use of a grating at the Littrow angle can also provide intracavity wavelength selection in a
simpler optical configuration, with the caveat that multiple neighboring cavity modes may
lase simultaneously (see Figure 54 for a Littrow configuration schematic). Despite this
possible limitation, this configuration was pursued because of the relative ease in obtaining
the gratings. This allows us to demonstrate proof-of-principle operation of a tunable
external-cavity laser at the 3.2-um wavelength.

To determine the Littrow condition, the grating equation is used under the condition that
the diffracted angle, 8,, is equal to the incident angle. Hence, 8, = A/(24); d being the grating
groove density. Figure 55 shows the Littrow angles as a function of 4 for a variety of center

wavelengths.
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Figure 54. Schematic of grating-tuned excternal cavity laser. Under the Littrow configuration and for a given
wavelength, the angle of diffraction equals the angle of incidence.
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Figure 55. Littrow angles, 6,, as a function of grating groove density for a variety of center waz/elehgtbx

Spectragon, Inc. has master gratings in stock with groove densities of 300 and 500
lines/mm. :

Tuning Etalon Design

As discussed above, a high-Finesse etalon is used as the tuning element within the external
cavity laser. The etalon selects one of the longitudinal lasing modes of the gain medium.
The design requires an optical thickness of nl, = 16 pm, where n is the index of refraction,
and L, is the etalon cavity length. 'Sixteen microns is an awkward thickness that lies between
the fabrication realms of epitaxy/deposition and mechanical manufacture. It has proven too
difficult to find a good material for a'solid etalon of this thickness. Materials that can be
deposited on a flat substrate at this thickness have absorption losses too high for an etalon,
in addition to there being issues of thickness uniformity.

An alternative is an air-gap etalon. Air losses are minimal. Scattering losses at interfaces
must still be addressed. A design based upon a sandwich of two silicon wafers has been
developed. Several materials including zinc-selenide, germanium, and others are transparent
and very low loss over the operating wavelength of the laser. Silicon was chosen because of
its flatness, material quality, established optical polishing techniques, and low cost.
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Figure 56 shows the etalon fabrication process. Two silicon wafers will be polished into
wedges and coated with a high-reflection (HR) coating on one side and an anti-reflection
(AR) coating on the other.

Begin with two silicon Angle polish one side of - Coateach wafer: One side
wafers. each wafer. coated. One side HR
- coated.

Spin on 15um layer of Pattern, and etch the Sandwich the wafers with
photoresist to the HR side of photoresist witha 1 cm - the HR layers facing inward.
one wafer. diameter opening.

Figure 56. Tuning etalon fabrication process.

The AR coating and wedge prevents additional undesirable intracavity etalon effects. One of
the wafers will be coated with a 15.5-um-thick spin-on photoresist. One-centimeter
diameter holes are patterned and etched in the resist. Both wafers are diced into a more
manageable size (e. g, 1-inch squares). The bare and resist-coated wafers are sandwiched
and held together to form the etalon. ‘ ,

The etalon requires both AR and HR coatings. The AR coatings cut down the reflection
from the outer surfaces in order to eliminate the formation of multiple etalons. The wedge
design reduces the performance demanded of the AR coating as show in Figure 57.
Reflections off the wedged AR-coated surfaces tend to “walk off” without producing etalon
effects. The HR coating, however, must be greater than 99.9% at 3.2 um to achieve the
/ required ‘etalon Finesse. Contacted vendors believe they can produce this level of

reflectivity.




Figure 57. Fabricating the etalon with wedged substrates prevents cavity filter effects from other points in the
construct. The white lines represent proper etalon transmission. The black lines show the lateral and angular
drift of the beam when reflecting off the AR-coated surfaces.

The 15.5-um air-gap cavity should be mounted at a 14.3° angle to produce at 16-um-thick
cavity. This avoids reflection problems that could occur if the assembled etalon is exactly
perpendicular to the cavity beam. Less than 10° rotation of the etalon tunes the etalon
transmission peak through the entire free spectral range.

External Cavity and Components

“The external cavity was constructed from opto-mechanical components. - Based upon an
external cavity length of 8 cm, the design requires a Finesse for the etalon cavity of several
thousand. As discussed later, such a high Finesse is very difficult to achieve. One factor,
which can reduce the high Finesse requirement, is reducing the external cavity length. Some
design adjustments have reduced the external cavity length (on paper) to 3 — 3.5 cm. Figure
58 shows the diagram of the external cavity with the actual dimensions for the various opto-
mechanical components. This does not include the increased optical path length due to the
index of the etalon substrates and the SOA. The opto-mechanical components and optics
for the external cavity were purchased. The entire external cavity was built ona 1 x 2 fe?
optical breadboard to allow easy transport to the Naval Research Laboratory for testing.
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Figure 58. Esxcternal Cavity Design (Note: all components are 1o scale except the SOA and lenses which

are shown larger to be easily discernable).

The tuning etalon is an air-gap between two silicon wafers. In order to produce the high
Finesse etalon needed, F > 1000, the silicon was coated with a very high reflectivity coating
to produce the mirrors. To achieve such a high Finesse, the etalon mirrors must be
extremely flat, less than 100 nm variation within the beam area of a few ym. While this
degree of flatness has been achieved in other materials, such as BK7 glass, there has been
very little demand from industry for silicon of this flatness. '

* Polishing the wafer was performed at Sarnoff. The polishing used a special, harder pad that
“produced greater flatness. The Si material to be used as the etalon was cut out from the

center of the wafer, where it is flattest. Using a harder polishing pad makes polishing more
difficult, but still possible, to produce a low scratch density and few dig figures. The
polishing has been tested and appears to be adequate. The two surfaces were angle polished
to prevent additional intracavity effects.

After polishing, the wafers were antireflection-coated with a broad band, 3 — 5 pm high
reflectivity coating on one side and an anti-reflection coating on the other.

The highest quality mirrors require a substrate with a maximum 5:1 aspect ratio to remain
flat. In order to reduce the thickness of the substrate, the lateral dimensions of the etalon
was reduced from a 25-mm square to a 15-mm square. Still, a 3- to 4-mm-thick substrate
would be required. With two of these mirrors within the cavity, and an index of refraction
of 3.43 for silicon, this increases the cavity length by about 20 mm. Using a lower index
substrate in place of silicon was investigated, but the alternatives are softer materials that are
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more difficult to polish to a flat finish. By using a slightly lower reflectivity mirror, stll >
99.7%, the substrate can be reduced to 1 to 2 mm thickness. This increases the cavity length
by only 8 mm.

The 15.5-um spacer layer was produced with spin-on resist. Two technologies were
investigated. The first is spin-on photoresist. Spinning on a single layer of photoresist
Futurrex NR5-8000, a thick photoresist, could achieve the desired thickness, but it varied
radially at the slow spin speed. Uniformity was improved to +/- 0.5 um over the 3” wafer
by spinning on two coatings at higher speed with a short bake in between, being flattest near
the center. Another potential spin-on material is BCB, Benzocyclobutene. BCB is
commonly used for planarization and spinning on three layers should produce a very
uniform 15.5 um layer. Both spin-on resists are photosensitive. Following the spin-on and
bake process the wafer is optically patterned to produce the windows for the etalon cavity
and the avenues for dicing. The mask to pattern the wafers was designed and fabricated.
Figure 59 shows the mask design.

(

Figure 59. Etalon mask showing the round windows for the optical cavity and the avenes for sawing
the wafer.

Cavity collimating lenses were sent to an outside vendor for AR-coating for 3.2-um.
Components were received back from vendor. A Littrow grating was also received. Grating
tuning of the cavity provides an alternative to etalon tuning, which is used to test the
external-cavity initially. The tuning etalon provides better mode selectivity.

Coarse-Tuning Etalon Measurements

An alternate construction method for the tuning etalon was investigated to reduce the time
and expense of experimenting with the assembly. Rather than spinning on photoresist,
which restricts experimentation with each wafer, very thin films wete considered. Thin-film
sheets of polycarbonate (14 pm thickness) and polyimide (15 pm thickness) were acquired.
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Using thin films allows more flexibility experimenting with the coated etalon mirrors, spacer
layer, and mount. : ,

An etalon clamp was designed and fabricated. The clamp was designed to hold the pieces of
the silicon-based mirrors and the spacer together with an aperture for the collimated beam.
The clamp was constructed of two stainless steel plates with four tightening screws, one at
each corner. A soft material, such as a rubber o-ring, was used to protect the mirrors from
the plates.

Two silicon wafers were polished and then coated with a broad band, 3 — 5 pm high
reflectivity coating on one side and an anti-reflection coating on the other. These wafers
were then diced into 15 x 15 mm’® squares. Before dicing, the wafers were coated with
photoresist to protect the surfaces from damage. ‘Following the dicing, the photoresist was
removed and the surface cleaned. Sandwiching a thin film spacer between two silicon
squares with high reflectivity sides facing inward assembles an etalon. An aperture must be
left open in the absorptive spacer material. Figure 60 shows the etalon clamp assembly.

Etalon Mirrors Etalon Spacer
(coated silicon) (with aperture)

Etalon Plate Etalon Construct
(with aperture) ' (side view)

Figure 60. Tuning ctalon clamp design.

After experimenting with polyimide and polycarbonate film tuning etalons were finally
assembled with a polycarbonate spacer. Polycarbonate was generally easier to handle.
Fourier Transform Infrared Spectroscopy (FTIR) measured the transmittance of these
etalons. The screws on the clamp were adjusted to achieve parallelism between the mitrors
of the etalon. It proved more difficult than expected to optimize the mirror parallelism due
to the lack of real-time feedback during adjustment. The etalon had to be removed from the
FTIR for adjustment, and each scan took a few minutes to complete. Figure 61 shows
transmittance versus wavelength for a test tuning etalon.” While the transmittance peaks are
weak, they are periodic with wavenumber over the relevant range (approximately 2000 —
3500 cm’, or 3 to 5 um, as shown in Figure 61). For an air-gap spacing between the mirrors,
transmission peaks occur at resonance frequencies when - '




—ﬂin =L
‘ 2 :
where L is the cavity length and # is an integer. Solving for the wavelength peaks with
successive integers, one can calculate the etalon thickness. The peaks in Figure 62
correspond to a spacer thickness of 16.5 um with a standard deviation of 0.1 um.
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Figure 61. FTIR transmitiance spectrum of a tuning etalon with a polycarbonate spacer. FTIR resolution
is2cm'. - )
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Figure 62. FTIR transmittance versus wavensmber of an etalon with polycarbonate spacer. FTIR
resolution is 2 on”.

Figure 63 shows an etalon spectrum for which the etalon mirrors were more nearly parallel.
The resonances are sharper and the peak transmissions are higher.
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Figure 63. Etalon transmission spectrum similar o those in Figures 61 and 62, but with mirrors adjusted

to be more nearly paralle!.

The etalon air gap can be determined from a plot of the etalon peak transmission location in
wavenumber, w, as 2 function of the number of half-wavelengths n of light resonating within

the etalon (see Figure 64).

Etalon FSR
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Figure 64. Least-squares fit of etalon peak-transmission wavenumber versus half-wavelength number.

A least-squares fit to the data in Figure 64 gives a slope of 303.6 cm’, which equals 1/2L..
" This means that L, = 16.5 um, as stated above.

Additional etalon mirrors, which were AR/HR coated after they were diced, were processed.
Once the etalons were tuned to achieve a high Finesse in the clamp apparatus, we intended
to explore using epoxy to permanently bond the etalon as tuned and then to remove it from
the clamp. This would have allowed a shorter external cavity path length, improving ECL

performance.
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External Cavity Summary and Conclusions

Sarnoff designed and constructed an external cavity that was compatible with the use of our
antimonide-based semiconductor optical amplifiers. The external cavity is 8 cm long, and
the entire mechanical assembly has a footprint smaller than 1 ft. Samoff designed,
fabricated and partially characterized the tuning etalon that selects a particular longitudinal
mode of the cavity. The etalon is an air-gap etalon using wedge-polished crystalline silicon
mirrors and a polycarbonate spacer ring. The 16.5-um polycarbonate spacer gives a FSR of 9
THz, or about 300 nm at a wavelength of 3 pm, which is the estimated width of the
semiconductor optical amplifier. :

This type of external cavity in conjunction with an antimonide-based semiconductor optical
amplifier should perform well as a compact, wavelength-agile, single-frequency laser source.

V. Summary

The goal of this project is to develop a 3- to 5-um continuously tunable single-frequency
laser source. Our approach uses an external cavity (EC) and various tuning elements in
conjunction with a semiconducting optical amplifier (SOA) that provides two-pass optical
gain. The SOA is an antimonide-based mid-infrared laser structure with one facet having a
very low reflectance (< 10°). Separate SOA designs offered optical or electrical pumping to
produce optical gain. '

Optically pumped, amorphous silicon ridge-waveguide lasers were developed that could be
used as curved ridge waveguide semiconductor optical amplifiers. This was done through
the parallel effort of growing an optimal laser structure via molecular-beam epitaxy and
through optimizing a ridge-waveguide design. The resulting lasers operated up to 2
temperature of 295 K with no sign of output power saturation or of a runaway in the
threshold current. At 295 K they output 7 mW per facet. Comparison with a stripe laser in
the same material suggested that a flaw in the placement of the ridge metal mask induced
losses that increased the threshold pump power by an order of magnitude and similarly
reduced the external efficiency. The flaw was an overlap of the metal onto the ridge that
masked off pump light. The wavelength of this laser varied from 3.05 um at 78 K to about
3.10 pm at 295 K. The lateral far field patterns for both 7-um-wide and 12-pm-wide ridge-
waveguide lasers were multi-lobed, indicating that the lasers were not operating in the
fundamental lateral mode.

We had SOA designs using GaSb ridge-waveguides etched into the grown laser structure.
These were midway through processing when the project ended.

The successful operation of the 3-um optically pumped ridge waveguide laser is partially due
to the redesign of the ridge. This redesign placed a silicon-nitride/amorphous-silicon layer
between the metal mask and the antimonide cladding layer of the laser. In this way any
optical losses caused by the metal were reduced. The inadvertent overlap of the metal onto
the ridge may have caused the low external efficiency, and hence, low output power of the
laser. With a properly processed amorphous-silicon ridge-waveguide, this approach should
produce efficient, mid-infrared semiconductor optical amplifiers for the external cavity laser.

Sarnoff designed and constructed an external cavity that was compatible with the use of our
proposed antimonide-based semiconductor optical amplifiers. The external cavity is 8 cm
long, and the entire mechanical assembly has a footprint smaller than 1 f®.  Sarnoff
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designed, fabricated and partially characterized the tuning etalon that selects a particular
longitudinal mode of the cavity. The etalon is an air-gap etalon using wedge-polished
crystalline silicon mitrors and a polycarbonate spacer ting. The 16.5-um polycarbonate
spacer gives 2 FSR of 9 THz, or about 300 nm at a wavelength of 3 pum, which is the
estimated width of the semiconductor optical amplifier.

This type of external cavity in conjunction with an antimonide-based semiconductor optical
amplifier should perform well as a compact, wavelength-agile, single-frequency laser source.
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